Inducing patterns that selectively stimulate the S cones can induce large shifts in color appearance. For example, a ''peach" test-ring presented within contiguous purple and non-contiguous lime inducing rings appears pink while the physically identical peach test-ring appears orange when presented within contiguous lime and non-contiguous purple inducing rings (Fig. 1c) . These shifts have been accounted for by a neural substrate which predicts that chromatic assimilation and simultaneous contrast can operate synergistically to produce large shifts with these patterns [Monnier, P., & Shevell, S. K. (2004) . Chromatic induction from S-cone patterns. Vision Research, 44,[849][850][851][852][853][854][855][856].
Introduction
Chromatic induction is typically divided into two distinct classes of color shifts: Simultaneous contrast (Fig. 1a ) and chromatic assimilation (Fig. 1b) , defined as color shifts that are away from, and toward, the inducing chromaticity, respectively (Cao & Shevell, 2005; Devinck, Hardy, Delahunt, Spillmann, & Werner, 2006; Logvinenko & Hutchinson, 2007; Shevell, 2003; Smith, Jin, & Pokorny, 1998; Walraven, 1973) . According to these standard definitions, assimilation causes the appearance of a test light to shift toward the inducing light so that the test is 'tinted' with the inducing chromaticity, and simultaneous contrast shifts the appearance of the test away from the inducing light, in a complementary chromatic direction. The neural explanation for chromatic contrast usually is in the form of a color-opponent process that adjusts the response to the test field (e.g., Jameson & Hurvich, 1961) . For example, a reddish inducing field that mostly stimulates the long-wave sensitive cones will induce an opponent response to the test field and shift its appearance in a greenish direction. Chromatic assimilation, on the other hand, has been modeled either with purely optical principles (e.g., Smith, Jin, & Pokorny, 2001) or in terms of the summation of neural signals (e.g., Cao & Shevell, 2005) .
Seldom are both classes of color shifts considered together theoretically. When they are, simultaneous contrast and assimilation are usually at the extremes of an ''induction continuum" with spatial frequency or complexity of the scene as the relevant variable, low spatial frequency patterns favoring simultaneous contrast and high spatial frequency patterns favoring assimilation (Helson, 1963; Shevell, 2003; Smith et al., 2001) . One implication of this view is that chromatic assimilation and simultaneous contrast are antagonistic so that both types of color shifts cannot occur simultaneously in a scene (although see de Weert, 1991 
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Vision Research j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / v i s r e s Monnier and Shevell (2003) have shown that with patterns composed of two inducing chromaticities that stimulate the S cones selectively (chromaticities that appear purple and lime), conspicuous color shifts can be observed (Fig. 1c) . The large color shifts are caused by the spatial structure of the inducing patterns. Specifically, replacing either the contiguous or non-contiguous inducing rings with achromatic (or dark) rings reveals two distinct color shifts: inducing rings contiguous to the test-ring shift the appearance of the test toward the inducing chromaticity, consistent with chromatic assimilation, while the non-contiguous inducing rings shift the appearance of the test away form the inducing chromaticity, consistent with simultaneous contrast. For example, presenting a test-ring with contiguous purple and non-contiguous achromatic rings shifts the appearance of the test to higher s-chromaticity levels. Presenting the purple inducing light to non-contiguous regions of the pattern (with achromatic rings contiguous to the test) shifts the appearance of the test away from the inducing chromaticity, toward lower s-chromaticity levels (Monnier & Shevell, 2004) . To summarize, with patterned backgrounds, the effect of an inducing light depends critically on its location relative to the test. Inducing light contiguous to the test shift the appearance of the test toward the inducing light while the same inducing light in non-contiguous regions of the pattern shifts the color appearance of the test appearance away from the inducing light. When a test-ring is presented with alternating purple and lime inducing rings, the respective influences of the contiguous and non-contiguous regions of the inducing pattern are synergistic and produce conspicuous color shifts.
The neural explanation for this new view of induction is based on a center-surround antagonistic receptive-field with pure S-cone inputs (e.g., +s center and -s surround; Monnier & Shevell, 2004; Shevell & Monnier, 2005) . The model is successful because the Scone antagonistic receptive-field captures the spatial structure of these inducing patterns. When the receptive-field center spans the test and contiguous inducing rings, it accounts for the assimilative component of the color shift (test and contiguous inducing lights stimulating the center of the receptive-field are summed in the model). The antagonistic surround of the receptive-field is stimulated by the non-contiguous inducing rings and accounts for simultaneous contrast. When the inducing patterns alternate between high and low s-chromaticities, the respective contributions of the center and surround are synergistic, resulting in large predicted color shifts. With a uniform background at either inducing chromaticity, the predicted magnitude of the color shift is weak as stimulation from the excitatory center and inhibitory surround of the receptive-field tend to cancel because the same light stimulates both regions of the receptive-field. The receptive-field model predicts many aspects of empirical measurements obtained with Scone isolating inducing patterns including the magnitude, chromatic direction, and the spatial frequency tuning of color shifts (Monnier & Shevell, 2003 , 2004 Shevell & Monnier, 2005 ; the model is presented formally in the Appendix).
All published measurements with these S-cone isolating patterns have been with test-rings of intermediate s-chromaticity relative to the inducing chromaticities (e.g., a test-ring s-chromaticity of 1.0 presented with inducing s-chromaticities of 1.5 and 0.5). The question in the present study is whether similar color shifts are observed with test-rings that are either lower or higher in s-chromaticity than both inducing rings. This question is interesting as predictions based on standard definitions of chromatic induction and predictions from the S-cone receptive-field model diverge. According to standard definitions of chromatic induction, color shifts for a test-ring that is either lower or higher than both inducing chromaticities should be attenuated. This is because according to standard definitions of induction, the respective color shifts induced by the contiguous and non-contiguous rings are in opposite directions and the color shift should therefore be attenuated. For example, with a test-ring that is higher in s-chromaticity than both contiguous purple and non-contiguous lime inducing rings, the contiguous inducing rings should shift the test's appearance to lower s-chromaticity levels, as the inducing purple s-chromaticity is lower than the test. The non-contiguous lime inducing rings, on the other hand, should shift the test's appearance away from lime, to higher s-chromaticity levels. Because the respective color shifts are in opposite directions, the overall color shift should be attenuated compared to a color shift with a test-ring of intermediate s-chromaticity where the respective color shifts are synergistic. In sum, according to standard definitions of induction, color shifts for test-ring chromaticities either higher or lower in s-chromaticity that the inducing chromaticities should be attenuated as the respective color shifts are in opposite directions.
With respect to a previously proposed receptive-field model of induction, the color shift is a result of the excitatory and inhibitory responses of the S-cone antagonistic receptive-field. The overall predicted color shift is therefore composed of an excitatory (additive) component from stimulation of the center and an opponent (subtractive) component from stimulation of the surround. In the model, the excitatory and inhibitory components are added to the s-chromaticity of the test-ring (the receptive field response is linear). Because the color shifts are presented relative to an isomeric match (a color match in which both test and comparison patterns are identical uniform achromatic backgrounds), the color shift is independent of the test-ring chromaticity as the test-ring chromaticity is subtracted out in the calculation of the color shift. According to the model, the color shift is therefore determined by contiguous and non-contiguous lights and independent of the chromaticity of the test-ring.
To test these divergent predictions, color appearance was measured for test-rings of various s-chromaticities, keeping the chromaticity of the purple and lime inducing rings constant. The question in the present study is whether the direction and magnitude of the color shift are dependent on the test-ring chromaticity. Of particular interest here is color appearance for test-ring chromaticities that are either lower or higher in s-chromaticity than both inducing chromaticities, as they provide a test of the S-cone receptive-field model against expectations based on standard definitions of chromatic induction.
Methods

Observers
Four observers took part in the experiments. All had normal or corrected acuity (20/20) and had normal color vision assessed with the Ishihara plates. Observers completed extensive practice sessions before data collection was started. Each subject gave informed consent. This research was approved by an Institutional Review Board at Florida Atlantic University.
Apparatus and calibration
Experiments were conducted on a Macintosh G4 computer equipped with an ATI Radeon 7000 auxiliary video board (10-bits per gun). The stimuli were displayed on a 17" CRT monitor (Eizo FlexScan T566, 1152 Â 870 pixels, 75 Hz). The spectral output of the red, green and blue guns was measured using a spectrophotometer (Photo Research PR-650). The output of each gun level (1024) was measured using a radiometer (International Light IL-1700) and stored in a lookup table. Calibration was checked using the spectrophotometer during the duration of the study and did not deviate significantly.
Chromaticities were specified in a cone-based chromaticity space (MacLeod & Boynton, 1979) where the x-axis represented relative L-to-M-cone stimulation normalized by luminance [l=L/ (L + M)] and the y-axis represented S-cone stimulation normalized by luminance [s=S/(L + M)]. Additionally, the unit of s was normalized to 1.0 for a light metameric to equal-energy white (EEW), a chromaticity that appears roughly achromatic.
3. Experiment 1: induction for test-ring s-chromaticity either lower or higher than the inducing chromaticities 3.1. Stimuli and procedure Color appearance was measured by asymmetric color matching. Comparison and test backgrounds were presented side by side at a viewing distance of 1 meter. The comparison background was uniform and achromatic at a chromaticity approximately metameric to equal-energy-white (l,s,Y of 0.665, 1.00, 15 cd/m 2 ). The test background was composed of concentric rings alternating between two chromaticities selected from a tritanopic confusion line that differentially stimulated the S cones only (Fig. 1c) (Fig. 1c, left) and lime/purple (Fig. 1c, right) inducing rings. Seven test-ring chromaticities, which differed in only s-chromaticity, were tested. Three of these test-ring chromaticities were lower than both inducing chromaticities in s-chromaticity, three were higher, and one test-ring chromaticity was of intermediate s ) to minimize the influence of spread light and chromatic aberration. Even with a luminance contrast, it is possible that the test-ring might influence the appearance of the inducing patterns via spread light and/or chromatic aberration. Because such influence is expected to be present in the isomeric match as well as in the test-patterns, it cancels in the calculation of the color shifts (isomeric match subtracted from test-pattern matches). Equiluminance was measured for each observer using the method of minimum motion (Anstis & Cavanagh, 1983 ) and S-cone isolation was Fig. 2 . Inducing (open squares) and test-ring chromaticities (solid disks) presented in a cone-based chromaticity space. Three test-ring chromaticities were lower in schromaticity than both inducing chromaticities, three were higher and one test-ring chromaticity was at an intermediate s-chromaticity level.
confirmed using the minimally-distinct-border technique (Tansley & Boynton, 1978) .
The seven test-ring chromaticities were tested in two separate sessions to reduce the number of matches within a session. A session therefore consisted of five matches with either three or four test-ring chromaticities, for a total of 15 and 20 matches per session. Each condition was repeated three times, usually on separate days. Each session began with two minutes of dark adaptation.
Results
Large color shifts observed with inducing patterns that selectively stimulate the S cones were replicated with a test-ring chromaticity of intermediate s-chromaticity. Of particular interest were color shifts observed with test-rings that were either lower or higher in s-chromaticity than both inducing rings. Standard definitions of induction predicted the magnitude of the color shifts should be attenuated for test-rings either lower or higher in s-chromaticity than both inducing chromaticities. On the other hand, a previously proposed model of induction based on an antagonistic center-surround receptive-field with pure S-cone input predicted the magnitude of the color shifts are independent of the test-ring chromaticity.
Color matches for test-rings of various s-chromaticities were compared to the appearance of the test-rings on a neutral background (the isomeric condition where the isomeric s-match is subtracted from the test-pattern s-match, the so-called color shift). Recall that in the isomeric condition, both test and comparison backgrounds were uniform and achromatic. Fig. 3 shows color shifts in s-chromaticity (test s-match minus isomeric s-match) as a function of the test-ring s-chromaticity. Shifts observed with the purple/lime and lime/purple patterns are plotted as positive and negative values, respectively, as a purple/lime pattern shifted color appearance to higher s-chromaticity levels, compared to the isomeric match and a lime/purple pattern shifted color appearance to lower s-levels compared to the isomeric match. The two vertical lines at 0.5 and 1.5 are the lime and purple inducing chromaticities. The solid disks are the means of three repetitions for each observer and the dark lines are the means for the four observers. As noted previously (Monnier & Shevell, 2004) , the shifts in the l direction were negligible and are therefore not presented.
Overall, the direction of the color shifts was consistent for all test-ring chromaticities: Purple/lime and lime/purple patterns shifted the appearance of all test-rings toward higher and lower s-chromaticities, respectively. Nonetheless, the magnitude of the color shifts was attenuated somewhat for test-rings with s-chromaticities either lower or higher than both inducing rings (the mean color shift across all observers for the test-ring chromaticity of 1.0 was 0.4632 versus 0.2666 for the other six test-ring chromaticities). The model of induction based on an S-cone receptive-field predicting complete independence of the test-ring s-chromaticity (the two horizontal gray lines in Fig. 3 are model fits) is therefore not entirely correct. On the other hand, the magnitude of the color shift did not cancel for the rings with s-chromaticities either lower or higher than the inducing rings.
Complete cancelation of the color shifts for test-rings with schromaticities either higher or lower than the chromaticity of the inducing rings would occur only if the color shifts from the contiguous and non-contiguous inducing regions were not only opposite in direction but equal in magnitude, an assumption that may be incorrect. For a test-ring of s = 1.0, the chromatic distance between the test-ring and both inducing chromaticities (s = 0.5 & 1.5) is equal. As the test-ring s-chromaticity is either increased or decreased from a value of 1.0, the distance between the test-ring and one inducing chromaticity increases while the distance decreases for the other inducing chromaticity. If the magnitude of the color shift is proportional to the distance in color space between the test and inducing lights, the respective color shifts may trade-off, resulting in little change in the magnitude of the color shift for all test-rings.
To further test the receptive-field model's prediction against the expectation based on standard definitions of chromatic induction, patterns were tested that isolate the two classes of color shifts. ''White" (or dark) patterns with inducing light near the test-ring (purple/white and lime/white) isolate the assimilative component of the conspicuous color shift while patterns preserving inducing light in the non-contiguous regions (white/purple and white/lime) isolate the simultaneous contrast component of the shift (Monnier & Shevell, 2004) . If chromatic induction with patterned backgrounds adheres to standard definitions of chromatic induction, the following are expected with the ''white" patterns: color shifts should be monotonic with the test-ring s-chromaticity, and the direction of the color shift should reverse as the test-ring changes from lower (higher) to higher (lower) s-chromaticity relative to the inducing rings (the polarity of the color shift changes; Fig. 4 ). For example, induction with a purple/white pattern (inducing color shifts toward the inducing chromaticity, consistent with assimilation), the color shift should be (1) largest for the test-ring with the lowest s-chromaticity (as the chromatic difference between the test and inducing light is largest) and the direction of the color shift should be toward higher s-chromaticities. (2) As the s-chromaticity of the test-ring increases, the magnitude of the color shift should decrease as the distance between the test-ring and inducing purple rings deceases. (3) The direction of the color shift should reverse from higher to lower s-chromaticities, for test-rings higher in schromaticities than the inducing purple rings (bolder section of the purple/white prediction line in Fig. 4 ). This prediction follows from the description of the color shifts as toward the inducing chromaticity. Similar pattern of results are expected with the other three ''white" patterns and are represented in the form of a strawman model in Fig. 4 .
On the other hand, the receptive-field model of induction predicts the color shifts to be independent of the s-chromaticity of the test-ring. The magnitude of the color shifts should be largest for the purple/lime and lime/purple patterns. ''White" patterns, as they isolate either simultaneous contrast or assimilation, should result in weaker color shifts (a predicted reduction of approximately a factor of two for a receptive-field with balanced S-cone inputs to the center and surround). Of particular interest here is that for the receptive-field model, the predicted color shifts are independent of the test-ring s-chromaticity.
5. Experiment 2: color shifts with ''white patterns that isolate simultaneous contrast and assimilation
Stimuli and procedure
Color appearance was again measured by asymmetric color matching. The stimuli and procedure were identical to Experiment 1, except that either the purple or lime inducing rings were replaced with achromatic rings (l,s,Y of 0.665, 1.00, 20 cd/m 2 ), resulting in patterns with a test-ring flanked by either purple/ white, lime/white, white/purple, or white/lime inducing lights.
Results
Fig . 5 shows the color shifts (test s-match minus isomeric s-match) obtained with the white patterns. The solid lines are the mean color shifts along the s-chromaticity for the purple/white (positive values, as these patterns shifted appearance to higher schromaticities) and lime/white patterns (negative values, as these patterns shifted appearance to lower s-chromaticities), for four observers. The dashed lines are the mean color shifts for the white/purple (negative values, shifts toward lower s-chromaticities) and white/lime (positive values, shifts toward higher s-chromaticities) patterns. Error bars are standard errors for the four observers. The measurements did not support predictions based on standard definitions of induction. The magnitude of the color shift was not monotonic with the test-ring s-chromaticity. Additionally, the direction of the color shift did not reverse for testrings higher (lower) in s-chromaticities than the inducing rings. The measurements were much more in line with the receptivefield model as the matches consistently were either above or below zero, for all test-ring chromaticities tested and relatively independent of the test-ring s-chromaticity.
Interestingly, the white/purple and white/lime patterns generally caused larger color shifts than the purple/white and lime/ white patterns. This difference could be captured in the model by weighting the input to the surround of the receptive-field more than the input to the center.
Finally, additivity of the two component color shifts was tested by comparing the color shifts observed with the purple/lime, lime/ purple and white patterns (i.e.; purple/lime = purple/white + white/lime & lime/purple = lime/white + white/purple; Fig. 6 ). The S/(L + M) error in the figure represents the difference between the summed color shifts observed with the white patterns and the purple/lime, lime/purple patterns. This error is expected to be near zero if color appearance with the purple/lime, lime/purple patterns can be accounted for by additivity of the white patterns. Positive (negative) errors indicate that the white patterns underestimated (overestimated) the color shifts observed with the purple/lime and lime/purple patterns. The mean errors across all four observers for the purple/lime and lime/purple patterns were 0.05 and 0.03, respectively. These errors were small, indicating that the color shifts were predicted well by the white patterns. More importantly, although variability was greater for the test-ring s-chromaticities that were higher than both inducing chromaticities, additivity did not dependent on the test-ring s-chromaticity (non-significant slopes of 0.03 and -0.01 for purple/lime and Fig. 4 . Straw-man predictions based on standard definitions of chromatic induction for induction with ''white" patterns. The predictions were that color shifts should be monotonic with the test-ring s-chromaticity (straight lines are illustrated although the predictions can be looser as any monotonic function will capture the prediction), and the direction of the color shift should reverse as the test-ring changes from lower (higher) to higher (lower) s-chromaticity relative to the inducing rings (highlighted with bolder lines). lime/purple patterns, respectively). This is another indication that the monotonicity assumption based on standard definitions of induction is incorrect.
Discussion
A previously proposed model predicts many aspects of chromatic induction observed with S-cone patterns (Monnier & Shevell, 2004; Shevell & Monnier,2005 . One surprising and untested prediction thus far was that the color shifts are independent of the s-chromaticity of the test-ring. This prediction results from the spatial organization of the receptive-field. At its basis, the model has a pure S-cone center-surround antagonistic receptive-field. Light falling on the center of the receptive-field essentially is ''mixed". If the test is smaller than the center of the receptive-field and it is presented with inducing light contiguous to it, activity from the receptive-field center will result in a color shift toward the inducing chromaticity, consistent with assimilation. The antagonistic surround of the receptive-field subtracts remote inducing light from the test, resulting in a shift consistent with simultaneous contrast. With constant inducing chromaticities, the relative contributions of the receptive-field center and surround are described by two quantities that are independent of the chromaticity of the test.
Measurements obtained with test-ring chromaticities either lower or higher than both inducing rings were generally consistent with the receptive-field model. Specifically, measurements that isolate the two color shift components, as with the white patterns, did not result in color shifts that were monotonic with the test-ring s-chromaticity nor did the direction of the color shifts reverse. A description of the color shifts as ''away" and ''toward" the inducing lights for simultaneous contrast and assimilation fails to capture color shifts with test-rings that are either higher or lower in s-chromaticity than both inducing chromaticities (Fig. 4 vs. Fig. 5 ).
Although the receptive-field model faired better in predicting the present measurements, the model failed to capture the reduction in magnitude of the color shifts for test-rings either lower or higher than both inducing chromaticities. Why are color shifts for test-ring chromaticities outside the range of inducing lights weaker? Because of the limited gamut offered by conventional computer monitors, the S-cone contrast of the inducing lights was reduce compared to that tested in the past (0.50 vs. 0.86 Michelson contrast). This was done to allow for the extreme testring chromaticities to be shifted to yet higher or lower s-chromaticities and remain inside the monitor's gamut. It may be that the reduced contrast resulted in attenuated color shifts for the extreme s-chromaticity test-rings.
Another potential explanation has to do with the categorical nature of inducing and test colors. The hue appearance of the test-rings that were either lower or higher than both inducing chromaticities was categorically similar to one of the inducing rings' hues, a fact not true for the intermediate test-ring (as well as for all other test-ring chromaticities tested in previous studies). It may be that matches were set more conservatively when the test-rings shared common hue names with the inducers.
An alternative interpretation is that the S-cone receptive-field model is incorrect. This would not be surprising as the model is extremely simple. It is entirely linear, which is most certainly too simplistic as it fails to capture any kind of saturating effects (although none was observed within the limited gamut of CRTs; e.g., Shevell & Monnier, 2005) . Additionally, the model fails to capture a small but consistent dependency of the L/(L + M) test-ring chromaticity on the color shifts along S/(L + M). Whereas response saturation and L-& M-cone dependency can be implemented easily in the model, the attenuated color shifts for test-ring s-chromaticities that are either lower or higher than both inducing rings would be more difficult. Additionally, the balanced receptive-field fails to capture the asymmetries present in the measurements of Fig. 5 . Clearly, future research needs to establish the source of this reduction in the magnitude of the color shifts and the asymmetries. If the hue category explanation is confirmed, the model would certainly be much more complicated and cumbersome as the hue of test and inducing lights would have to be specifically represented in the model. Nonetheless, the receptive-field model is generally correct in suggesting that color appearance with S-cone patterned backgrounds should be conceptualized in terms of two distinct components: one additive component reflecting the interaction between the test and contiguous inducing light and one subtractive component reflecting the interaction between the test and the more distant inducing light.
Last, the present results need to be contrasted with some brightness induction results where similar manipulations have been conducted with very different outcomes. Whereas in the present report, the color shifts were relatively independent of the s-chromaticity of the test, shifts in brightness induction depend critically on the luminance relationships between the test and inducing lights (e.g., Hong & Shevell, 2002; Spehar, Clifford, & Agostini, 2002; Spehar, Gilchrist & Arend, 1995) . This fundamental difference between brightness induction and induction with Scone isolating patterns undoubtedly suggest different mechanisms mediate the two phenomena.
